Introduction {#sec1-1}
============

Sepsis is the constellation of symptoms and signs occurring when an infection leads to a systemic inflammatory response, organ failure, and death. Despite progress in antibiotic therapy and in resuscitative strategies, sepsis remains the leading cause of death in the intensive care unit (ICU).

In a Rhee cohort study, in the United States of America in 2014, among 173,690 patients with sepsis, 54.7% required ICU care during hospitalization, with an associated mortality of 15%. Sepsis was present in 35% of all hospitalizations culminating in death \[[@ref1]\]. In Europe, several studies showed that mortality due to sepsis is around 30%, higher than 50% of the cases of septic shock \[[@ref2]\].

In Portugal, the community-acquired sepsis admitted to ICU (SACiUCI) study revealed that for 1 year, 778 patients had severe sepsis and septic shock, with an associated mortality of 33% \[[@ref6]\]. In another study, the infection on admission to the ICU (INFAUCI) study, the associated mortality in septic shock was around 64.7% \[[@ref6]\].

The sepsis mortality distribution has a trimodal pattern \[[@ref9]\]: an initial early peak during the first hours/days due to inadequate fluid resuscitation and pathogen\'s hypervirulence, resulting in cardiac and pulmonary failure; a median peak several weeks after due to persistent organ injury; and a long-term peak, which occurs several months after the event \[[@ref9]\].

In the third international consensus for the definitions for sepsis and septic shock (Sepsis-3), the term "severe sepsis" has been considered redundant, since it represents a misleading concept in which sepsis is considered to follow a linear continuum from the systemic inflammatory response syndrome (SIRS) through severe sepsis and septic shock. Instead, the consensus report recommends that sepsis should be defined as a life-threatening organ dysfunction caused by a dysregulated host response to an infection. The multi-organ dysfunction syndrome (MODS) can be defined as the development of potentially reversible physiologic derangement involving two or more organ systems not involved in the disorder resulting in ICU admission and arising in the wake of a potentially life-threatening physiologic insult. Moreover, septic shock is now defined as a subset of sepsis in which profound circulatory, cellular, and metabolic abnormalities are associated with a greater risk of mortality than sepsis alone \[[@ref3]\].

The magnitude of the inflammatory response is a determinant for the sepsis outcome, since insufficient responses are not enough, whereas excessive inflammatory responses are self-destructive and may lead to microcirculatory dysfunction, causing tissue damage, MODS, and, ultimately, death. Although the pathogenicity of sepsis/septic shock involves specific (and complex) pathways, the inflammatory response to sepsis varies according to the specific causative organism, organism load, site of infection, host genotype, underlying host conditions (especially immunodepression), and the therapy used \[[@ref3]\].

The innate immune system is the first line of the host defense for sensing and eliminating the invading microorganisms. It includes diverse cells, such as macrophages, dendritic cells (DC), neutrophils, natural killer cells, and innate lymphoid cells (ILC). The destruction and clearance of the invading pathogens and the resolution of other threats require a complex coordination of multiple innate immune pathways.

The cell-mediated arm of the adaptive immunity is orchestrated by CD4+ and CD8+ lymphocytes. Both CD4+ T-cells, also called 'helper', and CD4^+^CD25, also called 'regulatory' T (Treg) cells, are activated by antigen-presenting cells (APCs). The latter play a central role in controlling adaptive immunity. On the other hand, CD8^+^ lymphocytes or cytotoxic T-cells kill targeted infected cells, without intervention of APCs.

Two signals are required for T-cell activation: recognition of peptide antigen presented by major histocompatibility complex (signal 1) and co-stimulation through CD28, following binding to CD80 or CD86, expressed by APCs (signal 2). CD28 is the classic positive co-stimulatory receptor that, together with the T cell receptor (TCR), induces T cells to undergo proliferation and to produce cytokines such as interferon gamma (IFN-γ) and interleukin-2 (IL)-2, which are critical in controlling infection \[[@ref10]\]. This T-cell activation is also crucial to immune paralysis phases as described later.

The adaptive immune response is normally quiescent and only comes into play after the innate response. Pathogen-specific antibodies, secreted by plasma cells that have differentiated themselves from activated B-cells, mediate the humoral element of adaptive immunity. These B-cells also differentiate into memory cells that remain quiescent but have the capacity for clonal expansion and the production of antibodies against the original pathogen, once the antigen is encountered in the future.

Sepsis may occur from any bacteria, as well as from fungal and viral organisms. *Candida* is an increasing cause of bloodstream infection, with significant mortality and morbidity rates \[[@ref11]\]. The overall incidence of invasive candidiasis has increased fivefold in the past 10 years, becoming the fourth leading cause of nosocomial bloodstream infection in the United States, accounting for 8% of all bloodstream infections acquired in hospitals. Despite the availability of effective anti-fungal therapy, crude mortality in the last decade has remained high, ranging from 36 to 90% \[[@ref12], [@ref13]\].

In this review we will outline the immune system\'s role in sepsis progression, resolution, and long-term outcome, with special focus on the immune response to *Candida* sepsis.

Immune Dysfunction in Sepsis {#sec1-2}
============================

Cytokines play a critical role in the host immune response to infection. A coordinated cytokine response is essential for creating an appropriate host immune response and for its resolution after the inflammatory trigger vanishes. Cytokines are essential for neutrophil activation, thrombin formation, and for the enhanced vascular permeability necessary for leukocyte extravasation into infected tissue. Serum proinflammatory cytokine levels peak within 2 h of cellular injury and return to almost undetectable levels within 6 h \[[@ref14]\].

Imbalances of pro- and anti-inflammatory cytokines lie at the center of the MODS \[[@ref15]\].

In fact, it is believed that a dysregulated cytokine response can lead to a hyperinflammatory condition called "cytokine storm", which may lead to further organ injury \[[@ref16]\].

Three decades ago, Mossman and Coffman suggested that CD4+ T cells differentiate into two subsets with reciprocal functions and patterns of cytokine secretion: termed T-helper 1 (Th1) and T-helper 2 (Th2, [@ref17]\]. In 2005, a third T-cell subset, known as T-helper 17 (Th17), was identified \[[@ref18], [@ref19]\]. Th17 cells are characterized by the production of interleukin-17 (IL-17) and may evolve for the host protection against microbes for which Th1 or Th2 immunity are not suitable, such as extracellular bacteria and some fungi ([Figure 1](#fig001){ref-type="fig"}).

B lymphocyte cells (B cells) are vital for antibody production ([Figure 2](#fig002){ref-type="fig"}). There are specific B cell subtypes, regulatory B cells (Bregs), which are involved in the maintenance of homeostasis of the immune system and regulate inflammation in pathological situations. They act in synergy with T reg cells. Both cells have immunosuppressive properties, mainly through IL-10 production, and their functional impairment is associated with exacerbated and/or persistent inflammatory processes.

Anti-inflammatory cytokines (e.g., interleukin- 1 receptor A, IL-4, and IL-10) form an equally important part of the host\'s cytokine response to infection. Their function is to reduce the overall production of proinflammatory cytokines and to restore homeostasis once an infection is eradicated \[[@ref20]\].

Regarding proinflammatory cytokines, a dysregulated and hyperactive anti-inflammatory response can also harm the host. Host responses during sepsis have revealed that the late phase of sepsis is dominated by a state of immune suppression. An over-exuberant IL-10 response, for example, is central to the occurrence of immunoparalysis after sepsis, and major surgery puts the host under a significant risk of developing secondary infections \[[@ref21]\].

In the case of overwhelming compensatory anti-inflammatory response syndrome (CARS), the phenomenon of immune paralysis occurs due to immune cell apoptosis and functional impairment of lymphocytes and phagocytes, also associated with increased anti-inflammatory and decreased pro-inflammatory cytokine production. The overshooting of the anti-inflammatory response predisposes the host to secondary bacterial infection and infections to opportunistic microorganisms \[[@ref22]\].

Besides lymphocytes, macrophages also react to external organism so as to defend the host. Macrophages represent an integral compartment of the innate immune system and are critical regulators of both normal homeostasis and pathology. Upon taking up residence in tissues, macrophages adopt either a proinflammatory M1 phenotype, or an anti-inflammatory M2 phenotype \[[@ref23]\]. M1 represents the "classically-activated" proinflammatory phenotype of macrophages, being capable of eliminating pathogens and cells infected by viruses or that have been transformed. They produce cytokines and inducible nitric-oxide synthase (iNOS), which provides effector molecules for microbicidal activities that lead to oxidative stress, which can inhibit the proliferation of nearby cells. M2 represents an "alternatively" activated phenotype with anti-inflammatory activities that can promote wound healing \[[@ref16]\].

Hyperinflammation {#sec1-3}
=================

Cytokine storm syndromes are triggered by infection, and sepsis remains the most common catch-all term used to categorize these conditions. Clinical manifestations of a cytokine storm may include refractory fever, cytopenia, coagulopathy, MODS, and death \[[@ref24]\].

The host response to bacterial and Candida infection initially occurs with its recognition by the immune system through pathogen-associated molecular patterns (PAMPs) \[[@ref25]\].

PAMPs are expressed by both pathogenic and harmless microbes and are recognized by pathogen sensors known as pattern recognition receptors (PRRs) on immune cells. The leading families of PRRs are Toll-like receptors (TLRs), C-type lectin (CLEC)-like receptors, retinoic acid-inducible gene 1 (RIG-I)-like receptors, nucleotide-binding oligomerization domain (NOD)-like receptors, cytosolic DNA sensors, and inflammasomes. The interplay between these recognition molecule families ensures the efficient coordination of innate immune responses, either through synergistic or cooperative signaling \[[@ref26]\].

a) Immune Response to Bacterial Sepsis {#sec2-1}
--------------------------------------

Toll-like receptors (TLRs) are transmembrane receptors present in APCs (such as macrophages or dendritic cells) that specifically recognize PAMPs present in viruses, in gram-positive bacteria (lipoteichoic acid \[LTA\]), in gram-negative bacteria (lipopolysaccharide \[LPS\]), and in Candida. They are located in the cellular membrane (TLR1, TLR2, TLR4, TLR5, and TLR6) and in intracellular membranes (TLR3, TLR7, TLR8, and TLR9), recognizing both PAMPs at the cell surface or in the cytosol, respectively. Based on their primary sequences, TLRs can be further divided into several subfamilies, each one recognizing related PAMPs \[[@ref27]\].

Lipoproteins or lipopeptides in gram-positive bacteria are recognized by TLR2 complexed with TLR1 or TLR6, viral double-stranded RNAs by TLR3, LPS by TLR4/MD2 complex, bacterial flagellins by TLR5, viral and bacterial single-stranded RNAs by TLR7 or TLR8, and CpG-rich undermethy-lated DNAs by TLR9 \[[@ref28]\]. The activation of most TLRs by ligand binding results in dimerization, conformational changes, and downstream signaling involving receptor/adaptor complexes, culminating with the translocation of nuclear factor (NF)-κB and/or interferon regulatory factor (IRF) 3 to the nucleus, which is followed by proinflammatory cytokine and type I interferon (IFN) transcription, respectively \[[@ref29]\]. Most importantly, the prompt production of proinflammatory mediators is accompanied by the production and release of anti-inflammatory mediators \[[@ref30]\].

After the antigen recognition by APC, these cells produce several cytokines (such as IL-1, IL-6, and tumor necrosis factor-α \[TNF-α\]) in order to control the aggression and to stimulate both innate and adaptive immune mechanisms.

Understanding the cytokine profile in patients with sepsis may be very useful for its diagnosis, as well as for the assessment of its severity, and the prediction of mortality, allowing a better patient treatment. A multiplex analysis evaluating plasma levels of 17 cytokines in patients with severe sepsis revealed that the concentrations of IL-1β, IL-6, interleukin-7, IL-8, IL-10, IL-13, IFN-γ, monocyte chemoattractant protein-1 (MCP-1), and TNF-α were significantly higher in patients with septic shock than in those with severe sepsis. Moreover, specific cytokine profiles were associated with the severity of sepsis, evolution of organ failure, and death \[[@ref31]\].

In severe lung infections, IL-1 is a key cytokine driving proinflammatory activity in bronchoalveolar lavage fluid of patients with lung injury. The acute-response cytokines TNF and IL-1 and the chemotactic cytokines IL-8 and MCP-1 appear in the early minutes to hours after infection, followed by a more sustained increase in IL-6. Serum concentration of IL-6 in peripheral blood has been used to assess the intensity of systemic cytokine responses in patients with sepsis, as IL-6 production is stimulated by TNF and IL-1, providing an integrated signal of these two early-response cytokines \[[@ref32]\]. In fact, serial evaluations of IL-6 and TNF-α in serum of patients with sepsis on days 1, 3, and 7 after admission showed that IL-6 levels were reduced from day 1 to 7 in the survivor group and that the TNF-α level was significantly lower on day 1 in the non-survivor group. These results suggest that a decreasing trend in IL-6 values is associated with a better prognosis in sepsis \[[@ref32]\]. It has been reported that IL-10 paralleled the sepsis score and increased serum IL-10 and TNF-α levels, and a high IL-10 to TNF-α ratio was associated with death \[[@ref33]\]. These results demonstrate that the sustained overproduction of the anti-inflammatory cytokine IL-10 is the main predictor of severity and fatal outcome.

Interleukin-17 is often associated with early and protective host responses to bacteria, including *Staphylococcus aureus* and *Streptococcus pyogenes.* IL-17 is a potent inducer of systemic inflammation, boosting the production or activation of inflammatory cytokines (e.g., TNF-α, IL-1b, and IL-6), chemokines, matrix metalloproteases, and transcription factors in both hematopoietic and nonhematopoietic cell types. IL-17 also acts synergistically with other inflammatory cytokines, including TNF-α, IL-1β, and IFN-γ. The rapid secretion of IL-17 not only has inflammatory effects on a wide variety of cell types throughout the body but it can also directly induce and synergize with other cytokines that are produced in the same timeframe \[[@ref34]\]. Although IL-17 is the archetypal cytokine of the CD4+ Th17 cell lineage, it can also be quickly produced by innate-like T lymphocytes, such as *γδ* T cells, invariant natural killer T cells and mucosa-associated invariant T (MAIT) cells \[[@ref35]\].

Th1 and Th2 cells are known to antagonize each other, and not surprisingly, IL-12, IFN-γ, and IL-4 can inhibit Th17 differentiation \[[@ref36]\]. IL-17, however, does not appear to inhibit Th1 or Th2 differentiation; therefore, Th1 and Th2 cells typically master Th17 cells.

When a naïve CD4+ T cell is activated, the local cytokine *milieu* plays an important role in determining in which effector lineage the naïve T cell will be transformed, by inducing lineage-specific transcription factors. Naïve T cells stimulated in the presence of IL-12 become Th1 cells and express the transcription factor T-bet, while those stimulated in the presence of IL-4 become Th2 cells and express the transcription factor GATA-3 \[[@ref37]\]. IL-23 can upregulate IL-17 in memory T cells but cannot act on naïve T cells to induce Th17 differentiation, because it is only expressed on T cells after activation. The key to Th17 differentiation in mice is the combination of transforming growth factor-β (TGF-β) and IL-6 \[[@ref14]\]. In addition, TNF-α and IL-1β can further enhance Th17 differentiation in mice, but only in the presence of TGF-β and IL-6 \[[@ref17], [@ref38]\]. IL-6 and IL-23 induce a small amount of IL-17 alone and greatly enhance Th17 differentiation in the presence of IL-1β.

IL-6, IL-21, and IL-23 act sequentially: first IL-6 upregulates IL-21, then both IL-6 and IL-21 upregulate IL-23 receptor, and finally, IL-23 appears to upregulate effector function and pathogenicity in Th17 cells \[[@ref39]\]. Th17 cells are characterized by the production of IL-17, but they also produce another inflammatory cytokines, such as IL-22 and interleukin-26. A subset of Th17 cells co-expresses IFN-γ, and other co-expresses IL-10 \[[@ref40]\].

b) Immune Response to *Candida* Sepsis {#sec2-2}
--------------------------------------

During *Candida* infection, the (opportunistic) pathogen itself uses self-protective strategies, counteracting host immune responses provided by different immune cells subsets.

*Candida* species are a dimorphic fungus. The morphologic switch between the yeast phase and hyphal phase is one of the main virulence factor of *Candida ssp.* Moreover, hyphal formation is required for an invasive and aggressive form.

In *Candida\'s* cell wall, two layers can be distinguished: the outer layer is mainly composed of O- and N-linked glycoproteins that consist of 80--90% mannose, whereas the inner cell wall contains the skeletal polysaccharides chitin, β-1,3-glucan, and β-1,6-glucan, which confer strength and shape to the cells. These polysaccharide structures, which have been reported to differ between yeasts and hyphae, represent the main PAMPs recognized by host PRRs during an encounter with the fungus \[[@ref41]\]. Chitin from *Candida albicans* has been suggested to induce the production of IL-10 via a nucleotidebinding oligomerization domain-containing protein 2 (NOD2)-dependent mechanism and, in this way, may contribute to dampening pro-inflammatory host responses during fungal infection \[[@ref42]\].

Pyroptosis is a damage mechanism that has been identified in the damage of macrophages by *Candida albicans* \[[@ref43]\]. It is an inflammatory programmed cell death that depends on the NLRP3, ASC, and caspase 1-proteins. These proteins form an inflammasome protein complex that activates caspase-1, allowing it to cleave gasdermin D, resulting in a gasdermin fragment that can form pores in the host cell membrane \[[@ref44]\]. There are multiple stages of the *macrophage-Candida* interaction that need to occur for pyroptosis to be activated. The first step for macrophages is to recognize and phagocytize the fungal cell. A key host receptor that mediates phagocytosis is dectin-1. Dectin-1 can interact with TLR2 and can induce intracellular signaling via SYK- and RAF1-dependent pathways \[[@ref45]\]. Within the phagosome, the fungus encounters limited nutrients, alterations in osmolarity, and antimicrobial defense mechanisms such as oxidative stress. Third, both the fungus and the host need to initiate the transcriptional programs that enable pyroptosis.

On the host side, macrophages need to prime the inflammasome by increasing transcription of the inflammasome components, such as NRLP3 and IL-1β.

Using opsonization or unopsonization, polymorphonuclear cells have two distinct mechanisms for killing *Candida.* Unopsonized *Candida albicans* is recognized via CR3 and is CR3 and CARD9-dependent \[[@ref46]\]. For this, recognition receptor dectin-1 is not required. In contrast, opsonized *C. albicans* is recognized via FcγR, and PKC and NADPH oxidase activity constitute the main killing elements. Combinations of killing mechanisms are in play, which occur independently of pattern recognition receptors like TLR and dectin-1 dominating the activation of monocytic cells, and that can compensate for each other under deficiency conditions \[[@ref47]\]. A new cluster of C-type lectin receptors (CLRs) involved in antifungal immunity was characterized recently, and members of this family include clec6a (dectin-2), clec4d (MCL), and clec4e (macrophage-inducible C-type lectin or Mincle) \[[@ref48]\]. Dectin-2 -- the prototypical member of this family -- contains 1 CRD in the extracellular domain, which can recognize α-mannans and O-linked mannoproteins in a Ca^2+^-dependent manner. This interaction can modulate cytokine and reactive oxygen species (ROS) production, as well as fungal killing \[[@ref49]\]. All the receptors of this family together with the immunoreceptor tyrosine-based activation motif (ITAM)-containing Fc receptor γ-chain (FcRγ) chain combine to drive intracellular signaling via the Syk-CARD9 pathway. Signaling through these receptors can often synergize or antagonize other CLRs, including dectin-1, TLRs, and inflammasomes \[[@ref50]\]. In vivo, dectin-2 has been shown to exert a protective role against *Candida albicans, Candida glabrata*, and *Trichophyton rubrum* infections, and, together with MCL, they have been suggested to promote Th17 responses \[[@ref51]\].

Neutrophils use oxidative and nonoxidative killing mechanisms against fungal pathogens. Oxidative mechanisms include ROS production, mediated by enzymes NADPH oxidase and myeloperoxidase, while nonoxidative mechanisms include the release of granules containing proteins with antimicrobial and degradative properties, including defensins, lysozyme, lactoferrin, gelatinases, elastase, and cathepsin-G \[[@ref52]\].

Among the most prominent mechanisms, we can find the rapid formation of reactive oxygen intermediates (ROI) termed 'oxidative burst'. Upon activation, the neutrophilic NADPH oxidase-complex is assembled on the cytoplasmic membrane to release superoxide into the extracellular space, or on the phagosomal membrane to release oxidants into phagosome \[[@ref46]\]. Aside from inducing oxidative stress, ROI are required for the formation of the so-called neutrophilic extracellular traps (NETs) \[[@ref53]\]. NET formation seems to be CR3 dependent and ROI independent in tissues \[[@ref54]\]. NETs provide a barrier past, which a pathogen cannot easily pass, and instead becomes entangled in a mesh of cytotoxic compounds. These are structures formed of released neutrophil chromatin, decorated with anti-microbial substances, mainly calprotectin, which are normally stored within neutrophilic granules and can be formed within 10 min of activation. NETs have been shown to entrap free bacteria in the bloodstream and therefore prevent dissemination in an *Escherichia* *coli* model of sepsis \[[@ref55]\]. They may form upon direct contact with a pathogen, including *Candida albicans*, after which both filamentous and yeast forms are trapped and killed. The relevance of NETs to *Candida* sepsis may be suggested by increased susceptibility of mice deficient in calprotectin, a key component of NETs, to systemic candidiasis \[[@ref46], [@ref56]\].

Together, these signaling pathways induce the secretion of cytokines and chemokines and initiate phagocytosis to clear *Candida infections* \[[@ref57]\].

In *Candida* infections, different TLRs can activate specific arms in collaboration with CLRs such as dectin-1 and man-nose receptors ([Figure 3](#fig003){ref-type="fig"}). Intracellular TLRs, including TLR3, TLR7, and TLR9, are involved in antifungal immunity. *Aspergillus fumigatus* can activate the phagocytosis-dependent TLR9/BTK/calcineurin/NFAT signaling pathway, leading to the production of proinflammatory cytokines, such as TNF-α, neutrophil recruitment, and fungal clearance \[[@ref58]\]. There is some controversy regarding the role of TLR7 in fungal infection. Phagocytosis of *Candida glabrata* by DCs induces a deleterious TLR7-dependent type-I IFN response that promotes fungal persistence in host tissues. Another study showed that mice lacking TLR7 were highly susceptible to systemic *Candida albicans* infection, as TLR7 was required on DCs for sensing *Candida*-derived RNA and subsequent IL-12 production \[[@ref59]\].

DCs exposed to fungal pathogens exhibit augmented expression of proinflammatory cytokines and activation markers, which results in their migration to local lymph nodes, where they can stimulate naïve T cells toward distinct effector T-cell subsets or induce tolerance. Dectin-1-mediated activation of plasmacytoid DCs has been suggested to promote Th2 responses, while dectin-1 activation on myeloid DCs decreases Th2 responses upon β-glucan challenge \[[@ref60]\]. Specific DC subsets have also been shown to act in a complementary fashion during fungal infections, so as to induce appropriate T-cell responses. Tissue-resident Flt3L-dependent DCs and CCR2-dependent monocyte-derived DCs can collaborate in antigen presentation and T-cell priming during mucosal candidiasis \[[@ref61]\]. On the other hand, TNF-α from monocyte-derived DCs induces neutrophilia versus eosinophilia during persistent fungal infection in the airways, by modulating the balance between IL-17 and interleukin-5 production \[[@ref62]\]. The ability of DC to shape the type of effector T-cell responses depends on several factors, including the nature of fungal organisms, the site of infection, and the host susceptibility. Fungal morphology can also determine T-helper cell differentiation. Yeast forms of *Candida albicans* can induce Th17 responses through dectin-1 interaction on Langerhans cells and subsequent IL-6 production. Conversely, filamentous forms induced Th1 responses due to the absence of dectin-1 ligation \[[@ref63]\].

During *Candida* infections, releases of TNF-α, IL-6, IL-12, and IL-1β are stimulated via several pathways, whereas the secretion of IL-23 and IL-17 depend on the stimulation by IL-23 rather than through lectin receptors. Th17 cells secrete special cytokines, including IL-17A, IL-17F, IL-21, and IL-22. Cytokines IL-1β, IL-6, and TGF-β induce the development of Th17 cells, while IL-23 is an essential cytokine for the maintenance of Th17 cells. Among the abovementioned cytokines, the serum TGF-β and IL-23 levels were found to have increased and to be able to differentiate patients with candidemia from patients with bacteremia. On the other hand, IL1-β levels were only higher in comparison with healthy control subjects (not concerning the comparison between *Candida* and bacterial infections) \[[@ref15]\]. The protective role of Th17 responses in the antifungal host defense was first established in IL-17 receptor-deficient (IL-17RA) mice, which showed increased susceptibility to a disseminated *Candida albicans* infection. It has been demonstrated that IL17RA mice showed an increased mortality and higher fungal loads in kidneys in a model of disseminated candidiasis, which was partially caused by a lower neutrophil recruitment in the IL-17RA mice \[[@ref64]\]. However, in one study of IL-17RA mice, it was suggested that IL-22 mediates protection, whereas IL-17A contributes to disease susceptibility \[[@ref65]\]. All these observations strongly indicate that Th17 responses are important, not only for systemic but also for mucosal host defenses against *Candida* infections in humans. Heather et al. showed that IL-17, IL-23, and TGF-β serum levels were significantly increased in candidemia when compared with bacteremia. Conversely, the specificity of IL17 is higher than the specificities of IL-23 and TGF-β in patients with candidemia \[[@ref66]\]. In addition, several studies have shown that IL-23 and IL-17 play an important role in the development of the inflammatory response against the infectious agent \[[@ref67]\].

Immune Suppression {#sec1-4}
==================

Immune resolution often starts about 3--4 days after septic shock onset. Homeostasis, as a status of balance among the different mechanisms between cell proliferation and cell death, is the final goal, which sometimes is not achieved. With the advances in modern medicine, the introduction of supportive therapies leads to a decrease in the mortality rate in the first phase of sepsis (hyperinflammation). However, immune inbalance in septic patients is also a path, and the immunosuppressed phase is the consequence.

This immunosuppressed phase can progress to an upsurge in the release of anti-inflammatory cytokines that can progress to a state of a quite profound immune suppression, the so-called CARS. This syndrome contributes to the increased risk of secondary and opportunistic infections, leading to late deaths associated with sepsis and septic shock. A decrease of the total lymphocyte count and the reactivation of latent virus and/or bacterial infections are indicative of this immunosuppression phase. With this status of immunity, malnutrition, changes in microbiota, and loss of natural barriers, the risk for nosocomial infections increases. Moreover, reactivation of latent microorganisms, re-infections, and amplification of inflammation lead to a suppression of the adaptive immunity \[[@ref67], [@ref68]\] ([Figure 4](#fig004){ref-type="fig"}).

This immunosuppressed state is characterized by the production of inhibitory cytokines such as IL-10 and IL-4, which limit the intensity of immune cell activation and negatively modulate inflammation.

IL-10 is an anti-inflammatory cytokine produced by several different cell types (Th2 cells, Tregs, and Bregs). Nevertheless, Th1 cells have also been found to secrete IL-10 under certain conditions. TGF-β and IL-6 synergize to induce IL-17 production, also synergize to induce IL-10.

IL-10 produced by Th17 cells may have an important protective function by limiting inflammation and tissue damage normally caused by IL-17 \[[@ref69]\]. Alike Th subsets, B cells subsets can also be distinguished by distinct cytokines\' secretion profile. An example is the subset characterized by upregulation of CD1+ expression and enhanced production of IL-10 \[[@ref70]\].

After CARS, there is another recently defined immunosupression phase that occurs when patients survive their initial sepsis insult and become chronically critically ill -- the so-called "persistent inflammation-immunsupression and catabolism syndrome" (PICS) \[[@ref67]\]. PICS can be defined as an inflammatory persistent status with organ failure, with the need of suportive therapy, as well as an augmentation of protein catabolism (leading to dificult assessement of nutrition needs) and compromised wound healing.

PICS can be identified in critically ill patients with admission in ICU ≥ 10 days, with persistent inflammation defined as high C-reactive protein concentration and low level of retinol binding protein, immunosupression characterized by a low lymphocyte count, and a catabolic state defined by serum albumin, creatinine height index, and weight loss or low body mass index during hospitalization \[[@ref71]\].

Defects in antigen-presenting cell function, including endotoxin tolerance and impaired cytokine production, reduce the ability of APCs to stimulate lymphocyte driven immune functions following sepsis. The apoptosis of lymphocytes and APCs (dendritic cells, macrophages, and B cells) is considered a hallmark of septic immune suppresion \[[@ref72], [@ref73]\]. Autophagy provides a way to eliminate DAMPs and PAMPs by packaging pathogen components, damaged organelles, and cellular proteins into vesicles targeted for lysosomal degradation, resulting in reduced inflammation and cellular activation. Other late features of septic shock are the expansion of regulatory T cells and myeloid suppressor cells, Th2 cell polarization, and reprogramming of macrophages to an M2 phenotype, all of which contribute to decreasing inflammation and impaired phagocytosis \[[@ref74]\]. In addition to a diminished innate immune function, adaptive immunity is similarly impaired. Splenocytes collected from deceased patients with sepsis exhibited reduced numbers of CD4+ and CD8+ lymphocytes that emanated from substantial apoptosis. Reduced lymphocyte numbers do not just reflect the risk for viral reactivation following sepsis. In fact, lymphopenia, 4 days after sepsis onset, is associated with the development of secondary infection and is predictive of long-term mortality, 1 year after sepsis \[[@ref75]\].

Sepsis-induced immune suppression is mediated by lymphocyte exhaustion, increased rates of B and T cell apoptosis, and immunoparalysis (or endotoxin tolerance) \[[@ref76]\].

An important cytokine in immunoparalysis is IL-33, an IL-1 cytokine family member. Endogenous IL-33, released in response to severe tissue damage, activates ILC2s, which produce IL-4 and IL-13 that drive M2 polarization of macrophages, resulting in the expansion of Treg cell population via the production of IL-10. However, IL-33-induced IL-10-secreting M2 macrophages increase the expansion of Treg cell population, therefore contributing to the development of long-term sepsis-induced immunosuppression \[[@ref67], [@ref69]\].

CD28 is a major T cell costimulatory receptor, and the coengament of which can prevent anergy and cell death. The CD28 receptor is a member of a complex family of polypetides that includes at least two receptors and two ligands. Cytotoxic lymphocyte-associated molecule-4 (CTLA-4, CD 152) is the second member of the CD28 receptor family. The ligands or counterreceptors for these two proteins are the B7 family members, CD80 (B7--1) and CD86 (B7--2) \[[@ref77]\].

Anergic T cells have limited effector function. CTLA-4 expression interferes with T-cell activation by reducing CD28 costimulation. CTLA-4 is structurally similar to CD28 and binds with CD80 and CD86 at a higher affinity than CD28. CTLA-4, through the binding with CD80/86, limits costimulation through CD28, leading to T-cell anergy. Anti-CTLA-4 neutralizing antibodies inhibit CTLA-4 binding to CD80/86, promoting T-cell activation \[[@ref74]\].

The characterization of the "paralyzed monocyte" by studing HLA-DR or CD80/CD86 expression on CD 14+ is now a reality in laboratory test. The identification of T-cell suppressor molecules is probably the future of immunoparalysis diagnosis \[[@ref71]\].

Overall, these specific cellular alterations coalesce into a chronic state of immune suppression, characterized by persistent, recurrent, secondary, and nosocomial infectious complications often resulting in hospital readmissions and poor long-term survival.

Conclusion {#sec1-5}
==========

Immune responses to bacterial and *Candida* sepsis are complex and involve several players. More importantly, the balance between protective immunity and harmful hyper-inflammation is hard to define and several protective inflammatory reactions have also been shown to contribute to the sepsis pathology. The understanding of these mechanisms may offer new insight into the pathophysiology of these infections, as well as open new avenues for news tests that may allow early diagnosis for bacterial and fungal sepsis.

The knowledge acquired from the characterization of the immune response in immunosuppression and immunoparalysis states, could lead to different forms of management septic patients.

As the immune response in sepsis comprise several immune markers, a multiparameter test to evaluate several cytokines at the same time, in combination with other clinical risk scores, is likely to provide a more accurate diagnosis.

The combination of these eventual tests could help clinics to start an early goal-directed immune modulatory therapy and provide optimal clinical benefit to those patients, who survive after initial sepsis.
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NOD2: nucleotide-binding oligomerization domain 2

PAMP: pathogen-associated molecular patterns

PICS: persistent inflammation-immunosuppression and catabolism syndrome

PRR: pattern recognition receptors

RIG-1: retinoic acid-inducible gene 1

RNA: ribonucleic acid

ROI: reactive oxygen intermediates

ROS: reactive oxygen species

SIRS: systemic Inflammatory Response Syndrome

T cells: lymphocyte T

TGF-β: transforming growth factor-beta

Th1: lymphocyte T helper 1 cells

Th2: lymphocyte T helper 2 cells

Th17: lymphocyte T helper 17 cells

TLR: Toll-like receptors

TNF: tumor necrosis factor

TNF-α: tumor necrosis factor alfa

Treg: regulatory T cells

**Funding Sources**

Nothing to declare.

**Authors\' Contributions**

P.P. conceptualized and designed the paper. P.P., J.A.P., and L.M.B. drafted and critically revised the manuscript and approved its final version.

**Conflict of Interest**

The authors declare no conflict of interest

![Differentiation of Th naïve cells. There are 4 subtypes of T-helper cells. For each Th activation, an induction of different immunities and associated cytokines of production is released](eujmi-09-105-g001){#fig001}

![Differentiation of B naïve cells. In adaptive immune responses, activation of effector B cells induce the response of different Th response and cytokines](eujmi-09-105-g002){#fig002}

![Recognition of *Candida* species is mediated by Toll-like receptors (TLRs), C-type lectin receptors (CLRs) and nucleotide-binding oligomerization domain (NOD) receptors. Both TLR4/TLR2 can induce production of proinflammatory signals and cytokines through the MyD88-dependent NF-κ B pathway. However, TLR3-mediated recognition is carried out through activation of the IRF3 transcription factor. The CLR receptors, such as dectin-1, dectin-2, dectin-3, and Mincle, stimulate the release of inflammatory cytokines by activating T cell lineage-specific tyrosine kinase (Syk) and downstream complex (CARD9-Bcl10-MALT1). Dectin-1 promotes maturation of inflammasome, so as to induce production of cytokines. DC-specific intracellular adhesion molecule-grabbing non-integrin (DC-SIGN) receptor can induce T~H~ cell responses through Raf1 activation. In addition, NLRP3 stimulates reactive oxygen species (ROS) production through an Erk dependent pathway, and NOD2 receptor activates inflammasome by affecting maturation of IL-1β via caspase-1](eujmi-09-105-g003){#fig003}

![After sepsis, an hyperacute phase of hyperinflammation starts. At the same time, an immunosuppression response begins. Following this response, critically ill patients can return to homeostasis and have an immune resolution and recovery, or develop persistent inflammationimmunsupression and catabolism syndrome (PICS), resulting in persistent inflammation and progressive immunosuppression](eujmi-09-105-g004){#fig004}
